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In animal embryos, morphogen gradients determine tissue patterning and morphogenesis. Shyer
et al. provide evidence that, during vertebrate gut formation, tissue folding generates graded activ-
ity of signals required for subsequent steps of gut growth and differentiation, thereby revealing an
intriguing link between tissue morphogenesis and morphogen gradient formation.The graded distribution of morphogens
plays a fundamental role in many devel-
opmental and disease-related processes.
Such morphogen gradients control cell
differentiation in a concentration-depen-
dent manner and thus provide positional
information about the distance from
the morphogen source (Wolpert, 1969;
Figure 1A). In the neural tube, for example,
the graded distribution of the signaling
molecule Sonic hedgehog (Shh) triggers
the specification of different neuronal
subtypes along the dorsal-ventral axis
(Dessaud et al., 2007). The molecular
and cellular mechanisms leading to the
formation of morphogen gradients have
been analyzed in detail, and several
models have emerged explaining gradient
formation on the basis of signal produc-
tion, spreading, and degradation (Kicheva
et al., 2012). However, gradient formation
has nearly exclusively been analyzed in
effectively planar two-dimensional cell
layers, where the signals spread within
the plane of the tissue. Interestingly,
recent work suggests that signaling within
the zebrafish lateral line primordium can
be spatially constrained by the formation
of microluminal structures (Durdu et al.,
2014), pointing at the importance of
incorporating three-dimensional tissue
morphogenesis in generating graded sig-
naling activities. In this issue ofCell, Shyer
et al. (2015) present evidence that three-
dimensional rearrangements of tissues
can generate gradients of signaling mole-
cules in the surrounding tissues. These
results provide important insight into the
coupling of tissue morphogenesis and
gradient formation with consequences
for cell fate specification and tissue
patterning.
The lumen of the gut in chick undergoes
a series of morphogenetic processestransforming the initially smooth lumen
lining into a surface densely decorated
with individual villi, required for effective
absorption of nutrients within the gut
(Coulombre and Coulombre, 1958). This
transformation is thought to be triggered
by growth of the lumen surface coupled
to compressive forces from surrounding
tissues restricting the expansion of the
proliferating tissue and thus causing the
lumen surface to buckle. The transforma-
tion of buckles into villi critically depends
not only on general growth under spatial
confinement but also on a drop in pro-
liferation at the tip of the folds and redistri-
bution of stem cells to the base of the
forming villi. The study by Shyer et al.
(2015) addresses themechanism underly-
ing this redistribution of stem cells, which
are initially uniformly distributed in the
early gut.
Confirming previous work (Karlsson
et al., 2000), the authors show that, in
the distal mesenchyme of the nascent villi,
a ‘‘villus cluster’’ forms. The cells of this
cluster express several signaling factors
inhibiting stem cell specification and pro-
liferation in the overlying distal epithelium
of the forming villi. This raises the question
as to the molecular and cellular mecha-
nisms by which the villus cluster is formed
at the villi tip. The Shh signaling pathway
has previously been implicated in the
formation of the villus cluster. Thus, the
authors hypothesized that local Shh
signaling at the villi tip might induce the
villus cluster. However, as the authors
had previously shown that shh mRNA is
uniformly distributed throughout the gut
endoderm, other mechanisms than re-
stricting shh expression to tip cells of the
forming villi had to be tested.
In a set of elegant experiments, inspired
by predictions from theoretical modeling,Cellthe authors show that the formation of
villi would generate local maxima of Shh
signaling activity at the villi tips respon-
sible for the induction of the villus cluster
below. To this end, the authors assumed
that Shh is secreted equally by all endo-
dermal cells, diffuses within the under-
lying mesenchyme, and is degraded.
Crucially, the morphological changes of
the forming villus are captured by chang-
ing boundary conditions, which lead to a
steady-state concentration profile with
maximum concentration at the tip of the
villus; this maximum concentration in-
creases as the villus grows more acute
(Figure 1B). If the induction of the villus
cluster requires high Shh concentrations,
this scenario would explain its localization
to the tip. To test this scenario directly, the
authors undertook explant experiments in
which they either prevent buckling by flip-
ping the epithelium inside out or induce
premature folding by placing slabs of em-
bryonic gut on fine grids forcing the sur-
face to bend. These experiments clearly
show that preventing gut buckling abol-
ishes the localized induction of villus clus-
ters, whereas forcing premature buckling
induces premature villus clusters. The
key role of Shh in this process was further
supported by experiments showing that
Shh protein displays a graded distribution
with maxima at the villi tips and that
modulating Shh signaling activity affects
villus cluster formation. Collectively, these
data provide strong support for an in-
structive function of surface buckling in
establishing local maxima of Shh sig-
naling activity responsible for villus cluster
formation.
Several questions arise from this work.
Foremost, we still know very little about
how the Shh gradient forms: is Shh pro-
duction/secretion homogenous? Does161, April 23, 2015 ª2015 Elsevier Inc. 431
Figure 1. Forming a Morphogen Gradient by Tissue Folding
(A) Schematic of morphogen gradient model: morphogens are secreted by source cells and form a graded concentration profile in the target tissue, where cells
express different target genes (X, Y, and Z) and ultimately adopt different cell fates dependent on the morphogen concentration.
(B) Tissue folding leads to villi formation in the gut. Shh molecules are shown in blue. As the villi grow more acute, the maximal Shh concentration at the tip
increases; the Shh concentration ultimately exceeds a high threshold (dotted lines) abovewhich the formation of the villus cluster in the underlyingmesenchyme is
induced.Shh simply diffuse in the extracellular
space? How does it get degraded?
Although the model predicts the genera-
tion of local maxima of Shh signaling ac-
tivity upon gut folding, there are several
signaling-related processes beyond the
geometrical change of the tissue that
might be affected by the folding process
itself. For instance, signal secretion from
the gut epithelium to the villus cluster
might be modified by changes in the
apical-to-basal proportion of gut epithelial
cells due to cell shape changes during the
buckling process. Moreover, Shh signal
propagation and degradation within the
villus cluster mesenchyme might be
modulated by cellular rearrangements
within the cluster as a result of cluster
shape changes during villi formation.
Finally, reciprocal BMP signaling activity
induced within the villus cluster by Shh
signaling from the gut epithelium and
required for restricting the proliferative
activity within the forming villi might itself
be altered by cluster shape changes dur-
ing the folding process. Experimentally432 Cell 161, April 23, 2015 ª2015 Elsevier Indetermining potential changes in such
processes during villi formation and incor-
porating them as parameters into a theo-
retical model of villi formation as a func-
tion of Shh and BMP signaling will likely
generate intriguing predictions about the
behavior of this system, which, in turn,
can be tested experimentally.
Another issue, related to the points dis-
cussed above, is the precise spatiotem-
poral relationship between Shh and BMP
signaling activity and tissue morphogen-
esis. As observed for other feedback
mechanisms (Brandman and Meyer,
2008), the time delays between Shh/
BMP signaling and the different morpho-
genetic processes leading to villi forma-
tion (tissue folding and cell proliferation)
will be critical for the outcome of the pro-
cess. It will be interesting to determine
how quickly cells within the mesenchyme
upon reception of Shh signals from the villi
tip can upregulate BMP expression and
how quickly BMP receiving cells within
the gut epithelium can switch off the pro-
liferative activity. Again, experimentallyc.addressing such delays and incorporating
them as parameters in theoretical model
will likely produce informative predictions
about the process itself.REFERENCES
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